We developed and tested a theoretical model for the attachment of fluid-infused porous supra-particles to a fluid-liquid interface. We considered the wetting behaviour of agglomerated clusters of particles, typical of powdered materials dispersed in a liquid, as well as of the adsorption of liquid-infused colloidosomes at the liquid-fluid interface. The free energy of attachment of a composite spherical porous supra-particle made from much smaller aggregated spherical particles to the oil-water interface was calculated. Two cases were considered: (i) a water-filled porous supra-particle adsorbed at the oil-water interface from the water phase, and, (ii) an oil-filled porous supra-particle adsorbed at the oil-water interface from the oil-phase. We derived equations relating the three-phase contact angle of the smaller ''building block'' particles and the contact angle of the liquid-infused porous supra-particles.
Introduction
The wettability of the powder particles by liquids has been a subject of strong interest during the last few decades due to its importance in formulating cosmetic, pharmaceutical and food products, paints and building materials, waste water treatment, secondary oil recovery as well as flotation of ores. 1-4 Ramsden 5 and Pickering 6 reported the first emulsion systems stabilised by solid colloid particles. When colloidal particles attach to liquid surfaces, they decrease the free energy of the system. 7, 8 The adsorption energy of a colloid particle at the liquid interface (e.g. air-water or oil-water), DF, could be many orders of magnitude higher than the thermal energy, kT. This indicates that colloid particles can attach irreversibly to the liquid-fluid interface. For that reason, colloid particles are used as emulsion stabilisers [9] [10] [11] [12] [13] and foaming agents giving super-stable foams. [14] [15] [16] The particle wettability, surface chemistry, and shape have influence on how strongly the particles attach at the interface and determine their efficiency as emulsifiers and foam-stabilisers.
Most of the theoretical considerations for the attachment of colloid particles at liquid surface have been done on solid spherical particles with smooth surfaces. 7, 17, 18 Although, the adsorption of surface anisotropic Janus particles, 19 and that of particles of non-spherical shape 20 have also been considered, a detailed theoretical description of the adsorption of porous spherical particles has not been reported in the literature. Although some MD-based simulation approaches for studying the assembly of nanoparticles and Janus particles at liquid surfaces have already been explored, [38] [39] [40] [41] no general insights on the attachment of composite porous particles at liquid interfaces have been developed so far due to the complexity of their geometry.
In this study, we develop an analytical theoretical model of the attachment of porous supra-particles from water or oil to the oil-water interface. Composite porous particles made from smaller colloidal particles will be considered as a model for a particle aggregate, which is a common occurrence in powdered materials. Our aim is to derive an equation connecting the three-phase contact angle, y, of the supra-particle attached to the liquid interface and the three-phase contact angle, y 0 of its building blocks, i.e. the smaller colloid particles from which it is formed. Using reasonable assumptions, we derive simple analytical equations for the supra-particle attachment energy to the liquid interface which enable us to study the importance of the initial fluid phase, from which the supra-particle approaches the liquid interface. The effect of the particle radius and the contact angle of the building blocks of the supra-particle on its wettability is investigated and the energy of attachment of a single colloid particle is compared with the energy of attachment of a spherical aggregate of such particles. Furthermore, the effect of the surface packing density of small particles at the supra-particle surface, on its effective three-phase contact angle is investigated. Very similar considerations would apply to the attachment behaviour of spherical composite colloidosomes, whose effective contact angle and free energy of attachment at the liquid interface can be described with the same formulae as the composite supra-particles.
One of the main assumptions of this work is that the supraparticles attach to the liquid interface through a single layer of small colloid particles on the supra-particle surface. In this case, the liquid-fluid interface does not penetrate the core of the porous particles. This assumption seems reasonable as the potential penetration of the liquid surface front inside the porous particle would require the detachment of the surface layer of colloid particles, hence, a very high energy input, much larger than the thermal energy would be required for such penetration of the liquid surface front to occur inside the composite supra-particle. This means that a supra-particle (or a particle aggregate) is unlikely to spontaneously adjust the position of the liquid interface further than the surface layer of small colloid particles (building blocks).
We did several types of experiments to study the effect of the surface structure, porosity and the infusion of the porous particles by one of the liquid phases on their adsorption at the fluid-liquid interfaces. 37 We prepared model porous supra particles by evaporating latex micro-particle suspensions on a super-hydrophobic surface followed by their partial fusion. 26, 27 The aim was to accumulate experimental data about the way of attachment of porous supra-particles to liquid surfaces and to explore the link between the wettability of the supra-particle building blocks (smaller colloid particles) and the macroscopic (apparent) contact angle of the porous particles at liquid surfaces.
The contact angles of the individual colloid particles at air-water and oil-water interfaces were investigated using the gel trapping technique (GTT) [21] [22] [23] [24] [25] by injecting a small sample of the particle suspension in a spreading solvent near the liquid interface through the polar or non-polar phase. In a separate series of experiments, the porous supra-particle contact angles were also studied. Also the effect of the fluid phase by which the porous particles are initially infused on their attachment at the liquid-fluid interface was experimentally studied. Finally, the link between the wettability of the particle building blocks and the macroscopic (apparent) contact angle of the porous particles at liquid surfaces was investigated. The porous supra-particle wettability at both oil-water and air-water interfaces was investigated. For example, the supra-particle wettability at the oil-water interface was studied using porous supra-particles initially infused with water (from the aqueous phase) or infused with oil (from the oil phase). For the air-water interface, the attachment of porous supra-particles initially infused with water (from the aqueous phase) and dry porous supra-particles (coming from the air) to the air-water surface was investigated.
In the following section, the attachment free energy of a porous supra-particle (or a colloidosome of the same surface layer of smaller particles and fluid infusion) at the liquid interface will be discussed. The supra-particle macroscopic contact angles will be related to the contact angle of the individual building block particles. The impact of the surface packing arrangement (hexagonal, square or random close packing) of the supra-particle building blocks on the contact angle and the free energy of its attachment to the liquid-fluid interface will be studied. The importance of the initial fluid phase infused into these porous supra-particles and its effect on the particle free energy of attachment at the liquid interface will also be discussed.
Theoretical background
Here we analyse the process of the attachment of a porous spherical supra-particle to an oil-water interface. Two cases will be considered: (i) when the porous supra-particle is initially in the aqueous phase (Scheme 1A and B); and (ii) when the porous supra-particle is initially in the oil phase (Scheme 1C and D). In both cases, it is assumed that the porous supra-particle is infused with the same fluid from which the oil-water interface is approached, i.e. water in case (i) and oil in case (ii). The porous composite supra-particle will be assumed to be spherical (with radius R) and encased by a shell of a monolayer of closelypacked spherical particles (with radius a). Our aim here is to find the connection between the three-phase contact angle, y 0 , of the colloid particles in the particle monolayer and the effective three-phase contact angle, y, of the supra-particle when attached to an oil-water interface. Hereafter, the contact angles y and y 0 are defined through the water phase. All of the results are directly applicable to adsorption at the air-water interface, with the oil phase treated as air. The same analysis is valid for the attachment of a spherical composite colloidosome capsule pre-infused with the same fluid phase as the supra-particle. As shown previously by many authors (see e.g. ref. 7) , the attachment energy of a single non-porous colloid particle of radius a and contact angle y 0 to the oil-water interface is: DE 1 = Àpa 2 g(1 À cos y 0 ) 2 (from the water phase)
(1) DE 2 = Àpa 2 g(1 + cos y 0 ) 2 (from the oil phase)
Here, g is the oil-water interfacial tension while DE 1 and DE 2 correspond to attachment from the water phase and the oil phase, respectively. Note that according to eqn (1) and (2), the free energy of particle attachment is negative, i.e. the process of particle attachment to the liquid interface is spontaneous from both fluid phases, oil or water. Eqn (1) and (2) also suggest that more energy is required for the removal of a hydrophilic particle (y o 901) from the interface into oil than into water, while the opposite is true for a hydrophobic particle (y 4 901). Similar equations, as (1) and (2), apply for attachment of the particle at the air-water interface with g being the air-water surface tension.
Attachment of a porous supra-particle from the aqueous phase to the oil-water interface
For the sake of simplicity of analysis here and hereafter we have assumed that the liquid-fluid interface is flat down to the supra-particle three-phase contact line. The process of attachment of the supra-particle (or colloidosome) from the bulk of the aqueous phase to the oil-water interface can be formally considered as a two-step process: (i) The porous supra-particle displaces a portion of the oil-water interface of area encircled by its contact line:
but creates a curved oil-water interface with adsorbed particles of total area A 1 and a radius of curvature, R, roughly the same as that of the adsorbed supra-particle:
(ii) Only the surface layer of colloid particles within that area, A 1 , on the supra-particle (or colloidosome) surface attach to the oil-water interface. There is experimental evidence for this supra-particle attachment mechanism supported by MRI studies. 37 For simplicity, the colloidal particles are assumed to be closely-packed together within the porous supra-particle. The possible effects of the degree of fusion of small particles within the supra-particle will not be accounted for as this complicates unnecessarily the analysis, although this can also be incorporated into a more refined model. We will assume that the radius R of the composite supra-particle, is much larger than the radius a of the small particles (building blocks), i.e. a/R { 1. We will neglect the effect of the curvature of the supraparticle surface on the packing of the small particles and use the well know packing area fractions of spheres in 2D plane. Taking the curvature effects in all these cases gives terms of higher order of magnitude (proportional to the ratio a/R), which is the reason why we neglect this higher level of detail in our model. The number of attached small particles N 1 can be calculated by dividing the attached area of the porous supraparticle by the average area per small colloid particle, A s , on its surface.
Here, Z S = pa 2 /A s is the 2D packing fraction of the small particles on the supra-particle surface. We will consider several possible close packing arrangements of the small colloid particles on the surface of the supra-particle: hexagonal packing,
a 2 , square packing, A S = 4a 2 , and 2D random packing, 28 A S = 1.22pa 2 , which gives: 
Various experiments with supra-particles made of small latex particles show that the particles arrangement on the supra-particle surface is far from random packing. 26, 37, 42 The surface consists primarily of hexagonally packed small particle domains and small areas of square packing domains with defects in between them.
Since random close packing area fraction is bracketed in between
Scheme 1 Schematic representation of the process of attachment of a spherical composite supra-particle built of smaller colloid particles to a liquid-fluid interface: attachment of a water-infused supra-particle from the aqueous phase (A) to the oil-water interface (B); attachment of an oil-infused supra-particle from the oil phase (C) to the oil-water interface (D). Note that the contact angle of the water-infused supra-particle adsorbed at the oil-water interface (A) and (B) is different from the contact angle of the same supra-particle infused initially with oil (C) and (D).
Our theoretical model assumes that the oil-water interface is attached only on the surface layer of colloid particles at the supra-particle. (E and F) Represent the attachment of a single smooth solid particle from the water phase (E) to the oil-water interface (F). (G and H) Represent the process of attachment of a single smooth solid particle from the oil phase (G) to the oil-water interface (H). Note that the contact angle of the smooth solid particle at the oil-water interface is the same regardless of the fluid phase the particle comes from, i.e. (F) is to the same as (H). For the case of particle attachment to an air-water interface, the same scheme is valid with the oil phase being replaced by air in (A)-(H).
the hexagonal packing (Z S E 0.907) and the square packing (Z S E 0.785), we will consider these two limiting cases to explore the differences in small particles packing area fraction on the composite supra-particle wettability. We will estimate the free energy of attachment of the supra-particle to the liquid interface for both types of packing conditions to obtain the link between the small particles contact angle and the macroscopic contact angle of the supra-particle at the liquid interface. Thus, the free energy of attachment DF 1 of the supra-particle (or colloidosome) from the water phase to the oil-water interface can be estimated as follows:
The substitution of eqn (1), (3), (4) and (5) into eqn (7) gives:
The substitution of eqn (6), into eqn (8) gives:
for hexagonal packing and
for square packing. With respect to the porous supra-particle contact angle, y, the condition for a minimum of the surface free energy in the system requires that:
Depending on the arrangement of particles at the supra-particle surface, eqn (10) allow to connect the contact angle of a supraparticle (or colloidosome) y with the contact angle y 0 of its building blocks (i.e. the colloid particles on the surface of the porous supra-particle or composite colloidosome membrane, respectively).
cos y = 1 À Z S (1 À cos y 0 ) 2 (11) For building block particles arranged in hexagonal packing on the supra-particle surface, eqn (10) gives:
For building block particles arranged in square packing on the supra-particle surface, eqn (11) gives:
Note that eqn (11)-(13) do not depend (in first approximation) on the radius of the small colloid particles, a and the radius R of the porous supra-particle. These equations provide the link between the contact angle y 0 of the building block colloid particles and the effective (macroscopic) contact angle y of the porous supra-particle (or colloidosome) attached at the liquid interface. Eqn (11) suggests that at Z S Z 0.5 there is an upper critical value, y u 0 ¼ arccos 1 À ffiffiffiffiffiffiffiffiffi ffi 2=Z S p À Á , for the contact angle of small particles, above which eqn (11) does not have a solution for the supra-particle contact angle, y.
The critical contact angle value for hexagonal packing is y u 0 E 1191 above which eqn (12) does not have a solution for the supra-particle contact angle, y. If the small particles are arranged in square packing on the supra-particle surface, eqn (13) has no solution for contact angles above y u 0 E 1261. The interpretation of this fact is that if the particles in the composite porous particle (or colloidosome membrane) are so hydrophobic that their contact angle is larger than these critical values, the water-infused composite porous particle (or colloidosome) would transfer completely from the water phase into the oil rather than attaching at the oil-water interface with a contact angle y.
Eqn (11)-(13) are original results derived by us in the present work. The substitution of eqn (11) back into eqn (8) gives the free energy of attachment of the water-infused supra-particle (or colloidosome) as a function of its radius R and the contact angle y 0 of the colloid particles on its surface
Using eqn (6) and (14) one obtains
Eqn (14) and (15) Attachment of a porous supra-particle from the oil phase to the oil-water interface
Similar to the considerations in the previous section, the process of supra-particle (or colloidosome) attachment from the oil phase to the oil-water interface (Scheme 1C and D) can also be formally split into two steps: (i) The porous supra-particle displaces a portion of the oil-water interface of area A c , thereby creating a curved oil-water interface of area A 2 :
(ii) The colloidal particles within the area A 2 on the supraparticle surface attach to the oil-water interface. The number of adsorbed small colloid particles at the liquid interface is:
where Z S is the packing area fraction of small particles (building blocks) on the surface of the supra-particle, given by eqn (6) . Thus, the free energy of attachment of the porous supraparticle (or colloidosome) from the oil phase to the oil-water interface is:
The substitution of eqn (2), (3), (16) and (17) into eqn (18) gives the following expression for the free energy of supra-particle attachment:
Combining eqn (6) and (19) we obtain:
for square packing of the small particles on the surface of the supra-particle. The condition for the minimum of the surface free energy in the system with respect to the supra-particle macroscopic contact angle requires that
Eqn (22) is analogous to eqn (10) and provides the relationship between the porous supra-particle (or colloidosome) contact angle (y) and small particles' contact angle (y 0 ) upon attachment from the oil phase to the oil-water interface cos y = Z S (1 + cos y 0 ) 2 À 1.
Using eqn (6) one obtains
ðfor hexagonal packingÞ (24) and
One should note that the values of the supra-particle (or colloidosome) equilibrium contact angle at the oil-water interface predicted by eqn (23)-(25) differ from those predicted by eqn (11)- (13) . There is no contradiction here. This is due to the fact that the porous supra-particle (or colloidosome) is filled with water in the case of eqn (11)- (13) and with oil in the case of eqn (23)- (25) . This is a fundamental result, which differentiates the attachment of composite porous supra-particles or colloidosome capsules from the attachment of the building block solid colloid particles. The latter would acquire the same equilibrium contact angle y 0 when attached from either the water or oil phase to the oil-water interface. Eqn (23) suggests that at Z S Z 0.5 there is a lower critical value for the contact angle of small particles y l 0 ¼ arccos ffiffiffiffiffiffiffiffiffi ffi 2=Z S p À 1 À Á below which eqn (23) does not have a solution for the supra-particle contact angle, y. The lower critical values are y l 0 E 611 and y l 0 E 541 for hexagonal and square packing of spherical colloid particles on the supra-particle (or colloidosome) surface, respectively. This means that, if the small particles in the supra-particle are so hydrophilic that their contact angle is smaller than B611, the porous supra-particle pre-filled with oil would transfer completely from the oil phase into the water phase. For the case of a colloidosome initially filled with the oil phase, this model predicts that for hexagonal packing of the small particles of contact angle y 0 smaller than 611 on the colloidosome membrane, this would produce an oil-in-water Pickering drop rather than an oil-filled colloidosome attached to the oil-water interface with a finite three-phase contact angle, y.
Similarly to eqn (14) and (15), expressions can be derived for the free energy of attachment of a supra-particle (or colloidosome) from the oil phase to the oil-water interface. The substitution of eqn (23) back into eqn (19) gives the free energy of attachment of an oil-infused porous supra-particle (or colloidosome) as a function of its radius R and the contact angle y 0 of the colloid particles forming the porous supra-particle.
Using eqn (6) and (26) one derives
Eqn (26)- (28) are only valid for y l 0 r y 0 r p. Once again, the attachment energy of the porous supra-particle (or colloidosome) from the bulk oil to the oil-water interface is independent, in the first approximation, of the size of the colloid particles on their surface. This result holds for both supra-particles and colloidosomes with densely packed surfaces with smaller particles. Both eqn (14) and (26) predict that the free energy of attachment is negative and the attachment process is thermodynamically spontaneous irrespective from which fluid phase the supraparticle is coming to attach to the oil-water interface. The energy of attachment is different depending on whether the supra-particle is infused with oil (from the oil phase) or water (from the aqueous phase). Note, however, that the value of the contact angle y 0 corresponds to spontaneous adsorption only for finite values of the particle contact angle, y, according to eqn (24) and (25) for oil-infused particles. Comparing the attachment energy of the porous spherical composite supraparticle, eqn (14) and (26), with that for the attachment of its building blocks (small spherical colloid particles), eqn (1) and (2), one sees a much stronger dependence on the contact angle y 0 of the small particles on the attachment energy of the composite supra-particle.
Materials and methods

Materials
Surfactant-free polystyrene (PS) sulphate latex particles with diameter 2.5 AE 0.3 mm were obtained from Invitrogen as an 8.1 wt% aqueous suspension. The average area per sulphate group on the particles surface is 3.84 nm 2 , and the number of charged groups per particle is approximately 6 Â 10 6 according to the manufacturer specification. Before use, the sulphate latex particles were washed two times with deionised water to remove any impurities. Hexadecane (Reagent Plus 99%, Sigma) was purified by passing it three times through activated aluminium oxide (STD Grade, Merck) to remove any polar impurities from the oil. Gellan gum (Kelcogel s ), was a gift from CPKelco (USA). Sylgard 184 curable elastomer (polydimethylsiloxane, PDMS) was obtained from Dow Corning. Strata C18-silica functionalised chromatographic column (Gigatube, 60 mL, Phenomenex) was used to remove any hydrophobic or surface active impurities from aqueous gellan gum solutions before the GTT experiment. Ethylenediaminetetraacetic acid disodium salt (EDTA, 99.6%), methanol (99%), ethanol (99%) and sodium hydroxide (NaOH, 99.6%) were purchased from Sigma. Sodium chloride (NaCl, 99.5%) was supplied by BDH. Dichlorodimethylsilane (DCDMS, 99.5%, GC) was obtained from Fluka. All aqueous solutions were prepared with de-ionised water obtained from a Millipore Milli-Q Plus water purification system. The water resistivity was 18.2 MO cm À1 and its surface tension was 72.3 AE 0.6 mN m À1 at 20 1C.
Methods
Preparation of composite porous supra-particles. A glass beaker was pre-cleaned with concentrated solution of KOH in ethanol for 1 hour, then washed with water and acetone in an ultrasonic bath for 10 min at room temperature and dried in an oven. The glass beaker was hydrophobised with DCDMS vapours in a sealed box overnight and finally washed with hexane. A 5 wt% suspension of hydrophobic fumed silica particles (AEROSIL s R202, Degussa) in ethanol was spread uniformly onto the glass beaker inner surface and dried for 20 min in an oven at 50 1C, thus turning the beaker surface into a superhydrophobic surface. The composite porous particles were prepared using 2.5 mm polystyrene sulphate latex particle suspensions of particle concentration of 40 wt% prepared by settling the original latex suspension at 4000 rpm for 3 min, removing a certain amount of the supernatant and re-dispersing the particles. The concentrated suspension was degassed using a vacuum desiccator. Typically, 10-20 mL of 40 wt% latex particle suspension were placed in a pre-heated glass beaker with superhydrophobic surface and rolled manually by moving the beaker on top of a hot plate set at 90 1C until the water in the latex suspension droplet evaporated. Finally, the latex particles in the supra-particle aggregate were fused together by thermal annealing in air for 2 hours. This was done by placing the supra-particles inside a dry sample tube immersed in an oil bath heated by a hot plate. The temperature of the bath was maintained close to the glass transition temperature of polystyrene (106-107 1C) by using a temperature probe immersed in the oil and connected to the hot plate control socket. The composite supra-particles obtained had diameters in the range 1.7-2.2 mm and were stable when immersed in ethanol, hexadecane or water.
Gel trapping technique (GTT) measurements. 2.0 wt% aqueous solution of gellan was prepared as described in ref. [21] [22] [23] . Methanolwater mixture (50 : 50 by mass) was used as a spreading solvent to deliver the particles both at the air-water and the hexadecanewater interface. The spreading of particles at the air-water surface was achieved by injecting a 10 mL aliquot of 0.50 wt% latex particle dispersion in the spreading solvent at the surface of the hot liquid gellan solution at 55 1C, followed by cooling to 25 1C to induce gelation. The Petri dish containing this gel layer was sealed in order to prevent evaporation of water from the gel surface. Sylgard 184 curable silicone elastomer (PDMS) mixed with the curing agent (10 : 1 Sylgard 184 : curing agent) was used to mould the liquid interface after 30 min. For the air-water interface, this was done directly after setting the gel. For the hexadecane-water interface, the hot gellan solution was coated with the pre-warmed hexadecane phase (55 1C). Then, the latex particle spreading and gelling of the aqueous phase were done as for the air-water surface, followed by replacement of the hexadecane phase with curable PDMS. After curing for 48 h at room temperature, the solid PDMS layer with the trapped latex particles was peeled off the aqueous gel and washed in a hot 10 mM aqueous EDTA solution and hot deionised water at 95 1C to remove any gel residues from the PDMS surface. The PDMS-particle samples were prepared for SEM imaging by coating them with a carbon nanolayer (B10 nm) using an Edwards High Vacuum Evaporator.
Sonication method to determine the equilibrium attachment position of fluid-infused porous particles at air-water and oil-water interfaces. Mechanical vibrational method was developed using two different approaches to find the global equilibrium contact angle of the porous particle, i.e. by using an ultrasonic probe or ultrasonic bath. The dry porous supra-particles were placed at the air-water surface in a water-filled cuvette immersed in a beaker with water. A Vibra-Cell ultrasonic probe (3 mm in diameter, Sonics & Materials) was immersed inside the water in the beaker and operated in continuous mode at different amplitudes ranging from 0% to 100% for up to 10 min (Fig. 1) .
In the experiments with pre-wet porous supra-particles, the dry porous particles were initially washed with ethanol to extract all the air from the pores, then immersed in deionised water overnight and finally the water was sucked out almost completely until the particle was covered with a thin layer of water. Then, sonication was applied for different periods of time (1-30 minutes) using an ultrasonic bath (U100, Ultrawave) or an ultrasonic probe (in a separate beaker filled with water) for the attached porous particle to reach global equilibrium state at the liquid interface. Then, water was carefully added in the cuvette to raise the attached particles gradually until they were clearly seen in the field of view of the camera for taking side images. In the experiments at the oil-water interface, the dry supra-particles were first impregnated with ethanol followed by hexadecane. The cuvette was filled with water, hexadecane added on top of it, then the supra-particles were placed at the oil-water interface from the oil side. Different images were taken before and after attachment. Then, sonication was applied for different periods of time (1-20 min) using an ultrasonic bath. This sonication method allowed us to bypass the local energy minima during the particle attachment which would manifest itself in a huge contact angle hysteresis in the absence of vibrations.
Results and discussion
Contact angle of a porous supra-particle (or colloidosome) attached to the oil-water interface from the aqueous phase Fig. 2 shows the theoretical dependence of the macroscopic three-phase contact angle, y, of a water-filled porous supra-particle attached at the oil-water interface as a function of the three-phase contact angle of its ''building block'' colloid particles, y 0 , for hexagonal (solid line) and square (dashed line) packing of the colloid particles on the supra-particle surface. For both packing arrangements, there is an upper critical contact angle of the colloid particles at which the supra-particle contact angle reaches 1801. The critical angle is E1191 for hexagonal packing and E1261 for square packing. Beyond these critical values of y 0 , eqn (12) and (13) have no real physical solution for y, i.e. the minimum of the free surface energy of the system corresponds to a complete transfer of the supra-particle into the oil phase (y = 1801). Note that this analysis also holds for the adsorption of water-filled supra-particles from the water to the air-water interface.
The same analysis is valid for a water-filled colloidosome made from the same building block particles. These equations predict that beyond the critical value of y 0 , as pointed out above, a colloidosome would spontaneously transfer through the air-water surface and form a liquid marble, [32] [33] [34] [35] [36] however, such high values for the small particle contact angle, y 0 , which would allow such a prediction of the theory to be tested experimentally, are difficult to achieve at the air-water interface for smooth surfaces. Fig. 3A shows the attachment free energy of the supra-particle versus its macroscopic contact angle for hexagonal packing of the building block particles on its surface while Fig. 3B corresponds to square packing. One sees that each free energy curve, which corresponds to a fixed value of building block particles contact angle y 0 , has a minimum at different positions for hexagonal and square packing. In this case, the macroscopic contact angle of the supra-particle, y, which can be directly calculated from eqn (12) or (13) for the respective value of y 0 corresponds to the minimum of the free energy curve presented on the graph.
Contact angle of a porous supra-particle (or colloidosome) attached to the oil-water interface from the oil phase Impregnation of the pores in the porous supra-particles with oil or keeping it dry, i.e. full of air, has a different effect on its adsorption behaviour compared with water-impregnated porous particles made of the same building block particles. This affects the attachment energy of the supra-particles at the liquid interface and their equilibrium macroscopic contact angle, y, at the liquid surface. One should note that eqn (11)-(13) and (23)- (25) predict different values of the porous supra-particles equilibrium contact angle at the oil-water interface, depending on the fluid phase of origin. These results are not contradictory. They are due to the fact that the porous supra-particle is filled with water in the case of eqn (11)-(13), but with oil in the case of eqn (23)- (25) . According to eqn (24) for hexagonal packing of the small particles on the supra-particle surface, there is a lower critical value of the colloid particle contact angle: y l 0 E 611. For square packing conditions, eqn (25) yields a critical value of y l 0 E 541. Below those critical values eqn (24) and (25) do not have a real physical solution for the porous supra-particle contact angle, y. This means that, if the small particles in the porous supra-particles' surface are so hydrophilic that their contact angle is smaller than B611 or B541, the porous supra-particle pre-filled with oil would transfer completely from the oil phase into the water. Fig. 1 (A) A diagram of experimental set-up for sonication of dry porous supra-particles at the air-water interface using an ultrasonic probe. (B) A photograph of dry porous supra-particle with diameter 1.7 AE 0.2 mm attached at the air-water interface before sonication. Fig. 2 Theoretical dependence of the macroscopic three-phase contact angle, y, of a water-filled porous supra-particle (or a colloidosome) attached at the oil-water interface as a function of the three-phase contact angle of their ''building block'' colloid particles, y 0 , for hexagonal or square packing of the building block particles at the supra-particle surface. The inset illustrates the case of water-infused composite supraparticle attached at the oil-water interface.
Similarly to eqn (14) , the energy of adsorption of the supraparticle from the oil phase to the oil-water interface is given by eqn (26) . The free energy of attachment of the porous supraparticle at the oil-water interface is independent (in first approximation) of the size of the colloid particles on its surface and has negative values i.e. corresponds to spontaneous attachment for finite values of the particle contact angle greater than its lower critical value, y l 0 ¼ arccos
The minimum of the surface free energy depends on the individual building block contact angle. For example, if the building block particle's contact angle is y 0 = 1191, then the porous supra-particle contact angle would be 1391 and 1421 for square and hexagonal packing, respectively. However, if the individual particles are hydrophilic (i.e. y 0 E 611), then the porous supra-particles' contact angle could be y E 431 for square packing and y 0 E 01 for hexagonal packing conditions. Fig. 4 illustrates the theoretical dependence of the threephase contact angle, y, of an oil-filled porous supra-particle adsorbed at the oil-water interface and the three-phase contact angle of their ''building block'' colloid particles, y 0 . The solid line represents the macroscopic contact angle for the ''building block'' colloid particles arranged in a hexagonal packing at the surface of the porous supra-particles (i.e. y reaches zero at approximately y 0 E 611). On the other hand, for square packing of the colloid particles on the supra-particle surface (the dashed line), y reaches zero at a critical contact angle value of y 0 E 541. Below these critical values of y 0 , free energy of attachment of the supra-particle to the oil-water interface has no minimum as a function of y. Note that this analysis also holds for the adsorption of a dry, air-filled supra-particle from the air phase to the air-water interface. The same analysis would be valid for a hollow, air-filled colloidosome capsule made from the same building block particles. Fig. 5 gives the surface free energy of attachment at the oil-water interface of an oil-infused porous supra-particle versus the macroscopic supra-particles contact angle, y, for several fixed values of the contact angle of building block particles, y 0 . The filled circle on each curve represents the minimum of the free energy of the system. In this case, the macroscopic contact angle of the supra-particle, y, can be determined from eqn (24) and (25) for the respective value of y 0 , which corresponds to the minimum of the free energy curve presented on this graph.
Depending on building block particles' contact angle, y 0 , Fig. 5A and B represent the free energy required by porous supra-particles to attach to the liquid-fluid interface. For instance, if the building block is hydrophilic (e.g. y 0 = 751), then the predicted contact angle for porous supra-particles would be y E 641 for hexagonal packing or y E 761 for square packing. In comparison, with hydrophobic building block particles (e.g. y 0 E 1051), the predicted supra-particle contact angles would be y E 1251 and y E 1201 for square and hexagonal packing, respectively. One can also see that the attachment energy of the supra-particle at the oil-water interface does not depend on the size, a, of its building blocks particles but depends on the square of the supra-particle radius, R. The attachment energy is always negative and corresponds to spontaneous Fig. 3 Dimensionless free energy of attachment for a supra-particle impregnated by water from the water phase to the oil-water interface as a function of its macroscopic contact angle, y. The colloid particles surface density on the supra-particle surface correspond to (A) hexagonal packing (see eqn (9a)) and (B) square packing (see eqn (9b)). The solid lines correspond to selected values of the contact angle of building block colloid particles, y 0 ; the lowest curves correspond to the critical y 0 values, y u 0 , approx. equal to 1191 (A) and 1261 (B). The filled circles (K) represent the global minimum of the adsorption free surface energy of the porous supra-particle, with respect to its contact angle for a fixed value of the contact angle of the building block particles, y 0 . In this case, the macroscopic contact angle of the supra-particle, y, is determined from eqn (12) or (13) , for the respective value of y 0 , which corresponds to the minimum of the free energy curves presented on these graphs. The dashed lines correspond to the minimum free energy of attachment for a supra-particle calculated by eqn (15a and b). attachment for finite values of the particle contact angle y 0 , higher than the lower critical value of y l 0 E 611 (for hexagonal packing) or y l 0 E 541 (for square packing). Note that according to eqn (27) and (28), the attachment energy of a hexagonally packed supra-particle is greater in magnitude than that of square-packed supra-particles. This result is not trivial as macroscopic contact angles of the supra-particles are also different for hexagonal and square packing on the particle surface.
Contact angle of sulphate latex microparticles at the air-water interface studied using the gel-trapping technique
The gel-trapping technique was used to measure the three-phase contact angle of 2.5 mm sulphate latex particles (used as building blocks in the supra-particles) at the air-water (a/w) and the hexadecane-water (o/w) interfaces. Fig. 6 shows the position of the sulphate latex particle on the surface of the PDMS from the GTT experiment after injecting particles' suspensions through the air (A) or water (B) at the air-water interface. It was observed that the wettability of non-porous building block particles does not significantly change, as they are adsorbed from both the aqueous phase and the air phase. For individual sulphate latex particles adsorbed from the nonpolar phase (i.e. air), the contact angle was 63 AE 31, and from the polar phase, the contact angle was 65 AE 11 at air-water interfaces. A similar observation was obtained when the particles were injected close to the oil-water interface in the hexadecane (C) or in the water (D). The results show that the adsorption of particles from hexadecane is practically the same as for the particles adsorbed from the water phase. The contact angle Fig. 4 Theoretical dependence of the macroscopic three-phase contact angle, y, of an oil-filled porous supra-particle (or a colloidosome) adsorbed at the oil-water interface as a function of the three-phase contact angle of its ''building block'' colloid particles, y 0 , for hexagonal or square packing of the building block particles at the supra-particle surface. Fig. 5 Dimensionless free energy of attachment for a supra-particle impregnated with oil from the oil phase to the oil-water interface as a function of its macroscopic contact angle, y. The colloid particles surface density on the supra particle surface correspond to (A) hexagonal packing and (B) square packing (see eqn (20) and (21), respectively). The different lines correspond to selected values of the contact angle of building block colloid particles; the lowest curves correspond to the lower critical y 0 values, y l 0 E 611, (A) and y l 0 E 541 (B). The filled circles (K) on the curves represent the global minimum of the adsorption free surface energy of the porous supra-particle with respect to its contact angle for a fixed value of the contact angle of the building block particles, y 0 . The dashed lines correspond to the minimum free energy of attachment for a supra-particle calculated by eqn (27) and (28) .
observed for the building block latex particles adsorbed from the water phase was 94 AE 11, and from the hexadecane phase, it was 93 AE 11 at the oil-water interface. These data provide a general idea of the wettability of the building blocks of the composite porous supra-particles, which are made of the same particles.
Using those measured y 0 values, the theory predicts that the contact angle of the porous supra-particles impregnated with water at the air-water interface would be in the range 411-441 for a square packing and 441-471 for a hexagonal packing of the latex particles, whereas the porous supra-particles impregnated with water adsorbed to the oil-water interface could be in the range 881-921 for a hexagonal packing and 811-841 for a square packing of the latex particles. The theory for porous supraparticles with pores filled with air predicts that the supraparticle contact angle ranges from 01 to 371 for building block particles arranged in a hexagonal packing on their surface, whereas for an arrangement of square packing, it ranges from 401 to 561. In contrast, for supra-particle pores impregnated with hexadecane regarding its adsorption from the hexadecane phase to the hexadecane-water interface, the theory predicts that the contact angle of the porous supra-particles at an oil-water interface ranges from 1011 to 1041 for a hexagonal packing and from 1071 to 1101 for a square packing. Sonication method for determining the global equilibrium contact angle of porous supra-particles at the air-water and oil-water interfaces.
The aim of this method was to find the equilibrium contact angle of porous particles attached to a/w or o/w interfaces by using vibrational energy generated from an ultrasonic bath or ultrasonic probe as described earlier. The results are shown for supra-particle contact angle at different amplitudes or times of vibration to reach equilibrium adsorption. Sonication was used to overcome the energy barrier, which exists between the global energy minimum and local energy minima for different attachment positions of the porous particles and the liquid interface. The local minima are a result of pinning of the liquid interface on the small particle building blocks at the supra-particle surface which leads to contact angle hysteresis. By vibrating the system with sonication we facilitate the movement of the supra-particle position towards the global minimum of the free energy, as predicted by the theory. Similar effects appear in practice in many formulation processes during mechanical homogenisation which is used when Pickering emulsions are formed.
Contact angle of dry porous supra-particles sonicated at the air-water interface Dry porous supra-particles were placed onto the a/w surface and vibrated in this configuration using an ultrasonic probe in water (3 mm in diameter, Vibra-Cell from Sonics and Materials) at different amplitudes ranging from 0% to 100% for 10 minutes. The observed contact angles are summarized in Fig. 7 . The dry porous supra-particles tended to be more hydrophilic, as predicted. This method allowed for moving the particle from its initial metastable state, as its adsorption position adjusts towards the equilibrium state because of the vibration. Fig. 8 shows the change of the particles contact angle after sonication at different amplitudes for 10 min, representing the effect of an increase in vibration power. This contact angle is close to the Fig. 6 SEM micrograph of sulphate latex particles of an average diameter of 2.5 AE 0.3 mm imaged with a GTT for determining their three-phase contact angle y 0 at: (A) air-water interface, the particle suspensions dispersed in ethanol were injected from the air phase; (B) air-water interface, the particles were injected from the water phase; (C) hexadecanewater interface, particle suspensions dispersed in ethanol were injected from the hexadecane phase; and (D) hexadecane-water interface, particles were injected from the water phase. The value of y 0 was averaged out of 10 different particles protruding from the PDMS substrate obtained by templating the particles at the liquid interface. The scale bar is 1 mm on all images. Fig. 7 Contact angle of dry porous particles at the a/w interface after applying ultrasonication at different amplitudes, which reflects the drift of the contact angle from the initial metastable state towards an equilibrium position. The sonication time is fixed to 10 min. The contact angle is reduced from a higher contact angle to the lowest possible after sonicating the system with the attached porous supra-particles.
theoretical results, which predict that the contact angle of dry particles at the a/w interface, y 0 = 631 AE 31, of the small constituting particles. Taking into account the very steep dependence of y on y 0 in the vicinity of the critical contact angle of 611, the theoretical model for the supra-particle adsorption is in a good agreement with the experimental data. The contact angle of the dry porous particles after sonication at different amplitudes represents the change in the contact angle with the increase in sonication power.
The value of the experimentally determined equilibrium contact angle by this method agrees with the theoretical results, which predict that the contact angle of dry supra-particles at the a/w interface for y 0 = 631 AE 31 of the small ''building block'' particles will provide an equilibrium contact angle for the porous particles at y = 01-371 in a hexagonal arrangement and y = 401-561 in a square arrangement. Given the accuracy of the GTT measurements for the latex particle contact angle, there is remarkably good agreement between the theory and the experiment (see Fig. 7 ).
Attachment of water-infused supra-particles sonicated at the air-water interface
Dry porous particles were initially washed with ethanol to remove all air from the pores. The particles were then incubated in water overnight. After initial attachment at the air-water interface, sonication was employed for different durations (1-30 minutes) using an ultrasonic bath (Ultrawave) or ultrasonic probe (Vibra-Cell). The initial contact angle of the supra-particles sonicated with the ultrasonic probe started at 301 and ended at 571, which agreed with the theoretical value of the contact angle of particles (see Fig. 9 ). The theory predicts that the contact angle of the porous supra-particles adsorbed from water to the a/w interface would be in the range of 41-441 or 44-471 for building block particles in square or hexagonal packing, respectively.
Attachment of water-infused porous supra-particles at the hexadecane-water interface
Water-infused supra-particles were attached to the hexadecanewater interface using a spatula to raise the particle to the liquid interface. The supra-particles were impregnated with Milli-Q water. The cuvette was first filled with water, and then the oil phase was added on top of it. Then, the pre-wet particles were attached to the interface through the water phase. Different images were taken before and after sonication. Sonication was applied for different durations (1-20 minutes) using an ultrasonic bath (Ultrawave). A supra-particle of 1.7 mm in diameter was sonicated at the oil-water interface for differing durations to reach its global equilibrium position and contact angle. The porous water-infused supra-particle increased its contact angle from 121 (initial attachment) to 77 AE 41. In comparison with the theoretical model (811-841 for square packing and 881-921 for hexagonal packing), the expected global equilibrium contact angle was slightly higher (see Table 1 ).
Attachment of porous supra-particles impregnated with hexadecane at the hexadecane-water interface
The dry supra-particles were first impregnated with the hexadecane phase. After that, the cuvette was filled with water, oil was added on top and then the oil-infused supra-particles were attached to the hexadecane-water interface by dropping them through the hexadecane phase with a spatula. Different images were taken before and after ultrasonication for different durations (1-30 minutes) using an ultrasonic bath (Ultrawave) to reach their equilibrium position at the o/w interface. The initial position of the attached supra-particle corresponded to contact angles between 1501 and 1101, respectively; however, as sonication was applied, the particle contact angle began to gradually decrease and had the potential to change the particle to hydrophilic with a contact angle ranging from 1101 to 711. The particles that started with a 1501 contact angle remained hydrophobic after sonication with a contact angle of around 1101. In this case, the comparison of the experimental data with the theoretical model also shows that the contact angles observed agree within the range expected by the theory (for square packing, 1071-1101, and for hexagonal packing, 1011-1041), as presented in Table 1 .
These results have potential implication of the pre-infusion of the porous supra-particles (or particle aggregates) with oil or water on their performance as stabilisers of Pickering emulsions. Fig. 8 Side images of initially dry porous supra-particles attached to the air-water interface after ultrasonication at different power amplitudes in a custom designed cuvette. The supra-particle diameter is 1.7 AE 0.2 mm. Fig. 9 Side images of water-filled porous supra-particles adsorbed at the a/w interface for different durations of sonication using an ultrasonic bath after: (A) 3 min, (B) 6 min, (C) 9 min, (D) 15 min, (E) 20 min and (F) 30 min. The supra-particle was attached to the air-water interface after initial sucking and the subsequent insertion of water. The water sucking step corresponds to the a/w surface pressing the particles towards the bottom of the cuvette, while the water addition step lifts the particle and the a/w interface into a viewing position.
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Our theoretical model predicts different macroscopic contact angles of a supra-particle attached at the oil-water interfaces depending on which liquid (water or oil) has been infused in the pores of the supra-particle before its attachment. This is illustrated in Fig. 10 for the case of hexagonal packing of building block particles at the supra-particle surface. The contact angles, y, are always different except at two ''isogonic'' contact angles of the building block particles, y ml 0 and y mu 0 , where y for a water-filled and oil-filled supra particles are the same. Their values can be obtained by equating eqn (11) and (23) , which after rearrangements gives cos y m 0 ¼ AE
where 0:5 Z S p 2 ffiffi ffi 3 p . These ''isogonic'' contact angles are y ml 0 E 711 and y mu 0 E 1091 for hexagonal packing, and y ml 0 E 581 and y mu 0 E 1221 for square packing of the small particles at the supra-particle surface. Our model predicts that if the contact angle of the building block particles is smaller than the lower ''isogonic'' angle (i.e. y 0 o y ml 0 ), the supra-particle filled with oil should have smaller y than that filled with water. In other words, the oil-filled porous supra-particle will be more hydrophilic than the waterfilled supra-particle at the same conditions. Similarly, if the contact angle of the building block particles is bigger than the upper ''isogonic'' angle (y 0 4 y mu 0 ), the supra-particle filled with water should have bigger y than that filled with oil, hence the water-filled porous supra-particle will be more hydrophobic than the oil-filled supra-particle. These results are counterintuitive but are easy to explain with the balance of surface energies of structured supra-particle surface.
However, for the building block particle contact angles y 0 falling within the range between the lower and the upper isogonic contact angle, y ml 0 o y 0 o y mu 0 , the porous supraparticles infused with oil would be more hydrophobic than the same porous particles infused with water. Since the using moderately hydrophilic particles generally gives oil-in-water Pickering emulsion (e.g. at 50 : 50 oil-to-water volume ratio), infusing the porous particles with the aqueous phase would make the original particles more hydrophilic. Since using moderately hydrophobic particles as emulsifiers usually gives water-in-oil Pickering emulsions, infusing the porous particles with the oil phase can make them more hydrophobic. Experiments with using aggregated particles as emulsifiers have been reported by different authors [29] [30] [31] and give different results depending on the initial liquid phase with which the particles are mixed introduced in the system. Hence a different type of Pickering emulsion could be obtained at the same other conditions by using the same porous particles infused with the oil phase compared to these infused with the aqueous phase.
Finally, one may speculate what would happen if the building blocks of the supra-particle are not firmly bound to each other and it does not maintain spherical shape upon attaching to the liquid-fluid interface. Most likely, in this case the aggregate would reform its shape from spherical to lens-like geometry upon attachment or partially disintegrate at the liquid interface if the particle adsorption energy is much stronger than the particle-particle interactions within the aggregate. In this Table 1 Summary of the experimental values for porous supra-particles' contact angle impregnated with air, water or hexadecane at the air-water and hexadecane-water interfaces related to the predicted theoretical values. Here y 0 is the contact angle of the small particles (building blocks) while y s and y h are the predicted macroscopic contact angles of the supra-particles assuming close square packing and hexagonal packing of the small particles on their surfaces. y is the experimentally determined value of the supra-particle contact angle after initial attachment and after 10 min of sonication, respectively (last two columns of data) at different liquid interfaces and fluids in the pores of the supra-particle. Sonication is applied to overcome the initial pinning of the three-phase contact line . 10 Theoretical dependence of the macroscopic three-phase contact angle, y, of a water-filled (solid line) and oil-filled (dash-dot line) porous supra-particle (or a colloidosome) attached at the oil-water interface as a function of the three-phase contact angle of their ''building block'' colloid particles, y 0 , for hexagonal packing of the building block particles at the supra-particle surface. extreme case spreading of the softly-bounded particle aggregate at the liquid interface would occur to form a layer of adsorbed particles may occur. This case would require additional information about the particle-particle interactions within the aggregate (supra-particle) and would need a generalisation of our model which works only for spherical composite supraparticles.
Conclusions
In this study we developed a theoretical model for the attachment of porous supra-particles at a liquid-fluid interface. This model is valid for composite supra-particles built from smaller spherical colloid particles with smooth surfaces, which is usually the case for agglomerated particles in powdered materials. The case of water-infused porous supra-particles attached to the oil-water interface from the water phase was considered as well as the case of oil-infused supra-particles adsorbed at the oil-water interface from the oil-phase. Our model assumes that the particle attachment at the air-water and oil-water interfaces occurs through the adsorption of the surface layer of colloid particles on the composite supra-particle surface. Therefore, the results presented in this study could also be potentially valid for the attachment of fluidinfused colloidosomes to liquid surfaces (see Scheme 2) . Different packing conditions of small particles on the supra-particle surface were considered. The connection between the macroscopic contact angle of the porous supra-particles and the contact angle of the small ''building block'' colloid particles was derived for both types of packing conditions. The model predicts that the supraparticles would have different macroscopic contact angles depending on which fluid phase they originate from before they attach at the oil-water interface. This means that the porous particle would have a different attachment position and macroscopic contact angle if it is infused with water, compared with those of the same particle infused with oil. The macroscopic contact angle of the supra-particles does not depend on the size of its building block colloid particles or the size of the supra-particle itself. This behaviour differs from the attachment of non-porous spherical solid particles of smooth surfaces, which have the same equilibrium contact angle at the liquid interface, independently of the liquid phase from which they originate. Equations for the energy of attachment of porous spherical supra-particles at the oil-water interface were derived for the cases of initial infusion with water or oil. It was found that for supra-particles infused with water, the supra-particle contact angle at the oil-water interface has a physical solution only for values of the building block particle contact angle smaller than, or equal to, an upper critical contact angle of E1191 for hexagonal packing or E1261 for square packing conditions. More hydrophobic small particles would favour a complete transfer of the water-infused supra-particle (or colloidosome) into the oil phase. For supra-particles initially infused with oil, the supra-particle contact angle at the oil-water interface has a physical solution only for values of the building block particle contact angle larger than, or equal to, a lower critical contact angle of E611 for hexagonal packing or E541 for square packing conditions. More hydrophilic small particle building blocks would favour a complete transfer of the oil-filled supraparticle (or colloidosome) into the water phase.
Our theory predicts that supra-particles with hexagonal packing of small particles would exhibit larger adsorption energy compared with the same size of supra-particle with square packing of building block particles.
To test the theory we produced model porous supra-particles by evaporating latex particle suspensions on super-hydrophobic surface followed by thermal annealing to partially fuse the small latex particle into the structure of the obtained composite supra-particles. The wettability of the model porous supraparticles was studied experimentally at different liquid-fluid interfaces by studying the contact angle for the dry and waterinfused porous supra-particles at a/w interface, and oil-infused or water-infused porous supra-particles at the hexadecanewater interfaces. Since the composite supra-particles remained trapped in a series of metastable states when attached to the liquid surface, they show contact angle hysteresis which is a result of the pinning of the supra-particle contact line on the ''building block'' latex particles, which prevents spontaneous adjustment towards the equilibrium position. We developed a sonication method which allows the supra-particle position to be adjusted at the liquid interface with its contact angle drifting towards global equilibrium.
The contact angles of the small latex particles were determined experimentally by using the Gel Trapping Technique. Using our theoretical model we calculated the expected supra-particle contact angles at air-water and oil-water interfaces for initial particle infusion with air, water or oil. The latex particle building blocks showed contact angles of about 651 at the air-water interface and 941 at the hexadecane-water interface. For dry supraparticles attached to the air-water interface as well as waterinfused supra-particles, a reasonably good quantitative agreement was found between the experimental data and the theoretical predictions for the supra-particle contact angle. The porous Scheme 2 Schematic representation of the process of attachment of a spherical colloidosome built of smaller colloid particles to a liquid-fluid interface: attachment of a water-infused colloidosome from the aqueous phase (A) to the oil-water interface (B); attachment of an oil-infused colloidosome from the oil phase (C) to the oil-water interface (D). Note that the contact angle of the water-infused colloidosome adsorbed at the oil-water interface (A) and (B) is different from the contact angle of the same colloidosome infused initially with oil (C) and (D). Our theoretical model assumes that the oil-water interface is attached only on the colloidosome membrane built of colloid particles.
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supra-particles were hydrophilic when pre-filled with water and became hydrophobic when pre-filled with hexadecane.
